Mutations in the B incompatibility factor of Coprinus cinereus were obtained using two techniques. Both selected for the expression of B-controlled functions (associated with nuclear migration during dikaryon morphogenesis) in heterokaryotic mycelia where these were blocked by having identical B alleles present. The first technique selected for clamp cell fusion in a common B heterokaryon, the second selected for septum dissolution in a heterokaryon following a common B mating. Two mutants, one derived by each of the selection techniques, were studied in detail. In both, mutation was inseparable by recombination from the B locus and resulted in self-compatibility. Mutant monokaryons had uninucleate cells and intact septa. Thus, full regulatory control of morphogenesis in the mutant monokaryon was maintained. However, both mutations promoted clamp cell fusion in dikaryons formed between the mutants and monokaryons having the progenitor B allele or the mutant self allele. Therefore, mutation leads to the loss of regulation of clamp cell fusion. A combination of a B mutation and an A mutation (Amut Bmut) in the same nucleus gave a haploid mycelium which resembled a true dikaryon; thus, both the A and B morphogenetic sequences which are expressed in the dikaryon were operating, However, these dikaryons were not fertile.
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I N T R O D U C T I O N
The conversion of a uninucleate-celled monokaryotic mycelium into a di karyon with regular binucleate cells and clamp connexions is a characteristic feature of many basidiomycete life cycles. The dikaryon is the prerequisite for sexual reproduction since it is usually only on this mycelium that the fruit bodies develop. Basidiomycetes have no specialized sexual cells and the genes which control sexual compatibility do so by regulating the morphogenetic sequence leading to dikaryon formation (see Casselton, 1978) .
In tetrapolar species, such as Coprinus cinereus and Schizophyllum commune, there are two incompatibility factors, A and B, each with many allelic specificities. They are referred to as factors rather than genes because, in Schizophyllurn at least, both A and B derive their specificity from alleles at two closely linked genes a and p (see Raper, 1966) . A and B each control part of the morphogenetic sequence leading to dikaryon formation. For two monokaryons to be compatible, alleles of both A and B must be different. If mated monokaryons have a common A or B allele a sterile heterokaryon can be established which exhibits only part of the morphogenetic sequence. From a study of such heterokaryons it is evident that the A factor controls clamp cell formation and synchronized nuclear division in the hyphal tip cells whereas the B factor controls events associated with nuclear migration (Swiezynski & Day, 1960a,b ; Raper, 1966) . The B factor promotes dissolution of the complex dolipore septa to allow extensive migration of nuclei through established monokaryotic cells at the onset of dikaryotization (Giesy & Day, 1965) . It also promotes fusion of the clamp cell following apical cell division in the dikaryon since it is through the clamp that one of the tip cell nuclei must migrate into the subapical cell.
The A and B factors are considered to have a regulatory role in morphogenesis (Raper, 1966) . This is evident from a study of the effect of mutation in either of the factors in Schizophyllum. Mutation generally leads to self-compatibility and concomitant with this is a switching on of the morphogenetic sequence controlled by the factor which is mutated (Parag, 1962; Raper et al., 1965 ; Koltin, 1968) . Thus, monokaryons with a mutated A factor mimic heterokaryons which have different A factors but common B factors (common B heterokaryons). In both mycelia the clamp cell develops and a synchronized nuclear division occurs but the clamp cell cannot fuse and retains a trapped nucleus. Monokaryons with a mutated B factor are similar to heterokaryons with different B factors and common A factors (common A heterokaryons) and both exhibit continuous septum dissolution (Niederpruem, 1969; Koltin & Flexer, 1969) . The combination of an A factor and a B factor mutation within the same nucleus leads to operation of the complete morphogenetic sequence to give a sexually fertile mycelium which resembles thedikaryon (Raperet al., 1965) .
Although A factor mutants of Coprinus have been described (Day, 1963) , Bfactor mutants have not previously been obtained. The present report describes the isolation and characterization of two B mutants. These are of particular interest because, unlike the analogous mutants in Schizophyllum, they have not lost regulatory control in the monokaryon as a result of mutation to self-compatibility. This points to intrinsic differences in incompatibility control in the two fungi which may relate to basic differences in cellular metabolism.
METHODS

Strains.
Wild-type stocks were H1 A5B5, H9 A6B6, H2 A6B5, H5 A5B6, TC4 A5B5 and TClO A6B5. Auxotrophic mutants with appropriate mating types were used to construct common B matings and common B heterokaryons with complementing markers. The following mutations were involved: ad-2, ad-5, ad-8 and ad-9 each causing a growth requirement for adenine; met-I, met-5 and met-9 each causing a growth requirement for methionine. The A mutant strain El 17,9 (A6mut ad-8 BS) was kindly sent to us by Dr P. R. Day , and a derivative of this, A125 (A6mut B5) was used to construct the Amut Bmut strains referred to in the text.
Media. The minimal medium was that used by Shahriari & Casselton (1974) . When required, supplements of L-methionine (100 mg 1-l) and adenine sulphate (100 mg 1-I) were added before autoclaving. Complete medium was modified from that of Lewis (1961) with glucose decreased to 1.0 % (w/v) and addition of 0.025 % (w/v) MgSO,. 7Hz0.
MyceZiaZ cultures.
These were routinely grown at 37 "C in the dark. Fruiting. Heterokaryons and dikaryons were inoculated to sterile horse dung and incubated in the light at 26 "C.
Mutagenesis treatment. For U.V. irradiation, a Hanovia model I1 low pressure mercury discharge tube was used. The surfaces of 5 d-old plate cultures of common B heterokaryons were irradiated for 7.5 and 15 min. Cultures were kept in the dark for 12 h to prevent photoreactivation and then inocula were transferred to horse dung. For N-methyl-N'-nitro-N-nitrosoguanidine treatment, the mutagen was incorporated into solid medium at a concentration of 100 pg ml-l.
Cytology. Nuclear distribution and clamp cell fusions were examined in Giemsa-stained material using a method based on that of Van de Valk & Wessels (1973) . Mycelia were grown on dialysis membrane over solid medium. Material, still attached to the membrane, was fixed in methanol/acetic acid (3:1, v/v) for at least 24 h at 4 "C. Hydrolysis in 3 M-HCl for 30 min was followed by washing three times in water and once in 0.005 M-phosphate buffer pH 6-8, before transfer to a 1 % solution of Giemsa stain in the same buffer.
Material was stained for at least 2 h. EZectron microscopy. Material was grown for 3 to 4 d on dialysis membrane over solid medium. Samples were fixed in 4-0 % (w/v) glutaraldehyde in 0.2 M-cacodylate buffer pH 7.0, followed by post-fixation in 2 % (w/v) osmium tetroxide. All procedures were as described by Casselton & Kirkham (1975) . Sections were stained with lead citrate and examined in a Jeol lOOC electron microscope. 
RESULTS
Selection for mutation in the B factor Two techniques have been used to select for mutation in the B factor, both designed to select for expression of B functions in a mycelium in which these were blocked by having only nuclei with the same B allele.
Selection for clamp cell fusion in common B heterokaryons. The common B heterokaryon, with unfused clamp cells, is normally sexually sterile. The development of fertile fruit bodies following mutagen treatment is indicative of mutation in one of the common B factors to create a new B specificity compatible with the original B factor. This allows clamp cell fusion and normal dikaryon development. This is the only selection technique which has been used previously and it has yielded many B factor mutants of Sclzizophyllum (Parag, 1962; Raper et al., 1965; Koltin & Raper, 1966; Koltin, 1968; Raudaskoski et al., 1976) . Previous attempts to obtain B factor mutants of Coprinus in this way were unsuccessful because heterokaryons fruited without mutation in B (Swiezynski & Day, 1960a ; P. R. Day, personal communication) .
Several balanced common B heterokaryons were constructed for the present work. These were exposed to U.V. irradiation before being transferred to conditions which promote fruiting. Some 40 fruit bodies developed within 18 to 28 d. Samples of basidiospores from five different genetic backgrounds were analysed to check for a normal segregation of markers and a possible new B factor specificity. The results of six of these analyses are given in Table 1 .
In all cases there was the expected segregation of auxotrophic markers showing that the two component nuclei had fused and undergone a normal meiosis. No new B specificity was detected in any of the samples; thus all fruit bodies developed on common B heterokaryons. The conditions which promote this fruiting on common B heterokaryons are not understood. A subsequent attempt to fruit these same common B heterokaryons under similar conditions yielded just a single fruit body after a much longer period (74d) and this proved to be the result of a B factor mutation. Evidence for this is presented below.
Selection for septum dissolution and nuclear migration. This is a new technique which we have devised. Common B matings between monokaryons having complementary auxotrophic mutations were set up on membranes placed over supplemented medium containing N-methyl-N'-nitro-N-nitrosoguanidine. When the mycelia had grown together, the membranes were transferred to minimal medium on which neither monokaryon could grow. Cultures were left for 1 0 d and then examined for development of prototrophic growth. Prototrophic common B heterokaryons developed on most cultures and this could readily be distinguished because it grew out only at the junction where the two monokaryons had met. Of special interest was the prototrophic growth which developed on a few cultures at the periphery of one of the monokaryons since this was dikaryon. For a dikaryon to occur in this region a nucleus must have migrated from one monokaryon through the cells of the other and this would only be possible if mutation had given rise to a new B specificity which would promote septum dissolution.
From a total of 1000 membrane matings, five prototrophic dikaryons were obtained which fruited and yielded basidiospore progeny with a new B factor specificity. One of these mutants was chosen for further study and comparison with the mutant obtained by the first technique.
Genetic analyses with B mutants
The two mutations were derived in strains having different B alleles -235 in the case of Location of mutations in the B factor. To determine whether mutation was in the B factor the first technique used and B6 in the case of the second. was selected for septum dissolution.
1.
Fully compatible or in another gene, each mutant was crossed to a monokaryon having a different B allele from the progenitor allele and the progeny were tested for B allele segregation. If mutation was within the B factor then a 1 : 1 segregation for the mutated allele and wild-type allele would be observed. If mutation was at another locus then, as a result of recombination, some of the progeny would exhibit the original B allele specificity (B5 or B6 depending on the mutant strain). The results of these two crosses are shown in Table 2 (1). From neither cross was the original unmutated B allele recovered and the 1 : 1 B allele segregations observed were those expected for mutations within or very close to the B factor.
No attempt was made to locate the mutations more precisely because there are no gene markers close to B and the structure of the B factor itself has not yet been resolved. A total of 5289 progeny from a cross involving B5 and B6 (the two B alleles of interest) were analysed but no recombinant B specificity was detected. Day (1960) also failed to detect recombination between these two alleles. However, not all a/? combinations of B recombine in Schizophyllum (Koltin et al., 1967) so a more extensive testing of different alleles in Coprinus is still required to establish whether or not there are two distinct loci.
The two mutations have been designated B5mutcf and B6mutsd. The suffix cf or sd denotes the technique by which the mutation was selected, i.e. cf selected for expression of clamp cell fusion and sd selected for expression of septum dissolution.
Loss of incompatibility control. If compatibility is considered in terms of sexual reproduction, then normal fruiting and meiosis can be considered as criteria of the compatibility of two nuclei. The mutants were each crossed to a strain carrying the unmutated progenitor B allele and also to a strain (recombinant for A ) carrying the same mutant B allele. In all cases an apparently normal dikaryon developed which fruited within the normal period of 10 to 14 d. The data presented in Table 2 (2, 3) shows that the A and B alleles segregated exactly as expected from a normal meiosis. Thus, in both mutants mutation in the B factor leads to self-compatibility. (Selfcompatibility refers only to the B factor, not to the individual monokaryon because alleles at both A and B loci must be compatible for dikaryon formation.)
B mutants in Coprinus 23
Efect of B mutation on morphogenesis Septum dissolution.
In Schizophyllum, mutation in the B factor switches on B-controlled morphogenesis. The dolipore septa of the mutant monokaryon are dissolved and there is continuous migration of nuclei so that their distribution in the cells is irregular. B mutant strains also have a characteristic unilateral mating behaviour in that the mutant can only donate nuclei to a compatible monokaryon and cannot itself accept nuclei (Parag, 1962; Raper, 1966 ; Niederpruem, 1969 ; Koltin & Flexer, 1969) .
Cytological and electron microscopic studies of both the B mutant strains of Coprinus revealed a quite different situation from that found in Schizophyllum. The cells were predominantly uninucleate and had intact dolipore septa. There was, therefore, no expression of B factor-controlled morphogenesis in these B mutant monokaryons indicating that the regulatory function of the mutated B factors with respect to septum dissolution was unimpaired. In addition, both B mutants behaved like normal monokaryons and exhibited a bilateral mating behaviour, donating and accepting nuclei in all matings.
Clamp cell fusion. The development of the clamp cell in the dikaryon is controlled by the A factor but its fusion is controlled by the B factor. In order to assess the effect of Bmut on clamp cell fusion all mycelia to be examined were fixed and stained. True (fused) and false (unfused) clamp cells were distinguished by whether or not they contained a nucleus. The results are given in Table 3 .
Clearly, a number of clamps, even in compatible situations, will be in the process of fusing and therefore still contain a nucleus. Extensive observation of a normal dikaryon showed that as many as 15 % of the clamps may be in this state. However, this is quite 24
R. W. H A Y L O C K , A. E C O N O M O U A N D L. A. C A S S E L T O N
different from the common B heterokaryon where B function is blocked and some 90 % of the clamps were classified as unfused (Table 3A) .
As expected, Bmut in combination with a wild-type B allele different from the progenitor allele led to formation of a normal dikaryon with over 90 % fused clamp cells. It is in the common B associations (Table 3B) where Bmut was present with the wild-type progenitor allele or with the mutant self allele that the effect of Bmut on clamp cell fusion can be seen. Both B mutations led to a significant increase in the percentage of fused clamp cells. It was, however, interesting to find that they differed in the degree to which they promoted fusion.
B5mutcf promoted 89 % fusion of the clamp cells, a level indistinguishable from that seen in a normal dikaryon, whereas B6muP promoted only 49 to 69 % fusion, a level comparable to that found in analogous mutants in Schizophyllum (Raper, 1966) .
The activity of Bmut in promoting clamp cell fusion can also be seen when it is combined with a mutation in the A factor, Amut. A mutant strains are available in Coprinus (Day, 1963) and, as in Schizophyllum, mutation in A leads to operation of the A morphogenetic sequence so that these strains resemble common B heterokaryons in producing unfused clamp cells. An A6mut strain was crossed to both a B5mutcf and a B 6 r n~t~~ strain and from each cross progeny with a typical dikaryotic appearance were recovered. Examination of the clamp cells (Table 3C ) showed that each B mutation had promoted fusion of the clamp cells; the level to which this occurred was exactly similar to that found in the 'common B' matings. A typical dikaryotic cell of the A6mut B5mut'f double mutant is shown in Fig. 1 , together with the typical common B morphology of the Amut monokaryon.
Despite the fact that both A and B morphogenetic sequences were operating to give a dikaryotic morphology in the Amut Bmut mycelia, none of the isolates tested were fertile. All strains were prototrophic so that this was not due to a growth requirement. Numerous fruit body initials developed and even differentiated, but failed to expand into mature fruit bodies.
D I S C U S S I O N
The two techniques described have each yielded mutations which map in, or close to, the B locus of Coprinus cinereus. The two mutations chosen for study, one obtained by each technique, are similar in that they affect both functions assigned to the incompatibility locusself-recognition and regulation of the genes involved in dikaryon morphogenesis.
Both mutations lead to self-compatibility so that the mutated B allele is compatible with itself and with its unmutated progenitor B allele. Compatibility is expressed by the ability 'to form normal or near normal dikaryons with the subsequent development of fertile fruit bodies. To form a dikaryon the clamp cells must fuse and since the genes responsible for this are regulated by the B factor it is evident that mutation to self-compatibility leads to loss of regulatory control of clamp cell fusion. It is interesting that the mutations can differ in the extent to which they cause loss of regulatory control. This may be a reflection of the different techniques used to select them. B5mutcf was selected for its ability to promote clamp cell fusion and this mutation results in a complete loss of regulatory control, whereas with the B6mutad mutation only 50 to 70 % of the clamps are fused suggesting a partial loss of regulation.
The Amut Bmut double mutants had both the A and B morphogenetic sequences operating constitutively to give the dikaryotic morphology. Failure of these to fruit was unexpected since analogous mutants in Schizophyllum are fertile, but it must be remembered that although the dikaryon is the normal prerequisite for fruit body development, other genes control the ability to fruit (Stahl & Esser, 1976) . The isolates tested may not have been genetically competent to fruit despite having, in some cases, a completely normal dikaryotic morphology .
In Schizophyllum, all mutations within B which result in self-compatibility not only B mutants in Coprinus 25 switch on clamp cell fusion in the dikaryon but also lead to constitutive septum dissolution and nuclear migration in the monokaryon. In contrast, we find that this part of the Bcontrolled morphogenetic sequence is not switched on by either of the Coprinus mutations. B mutant monokaryons have uninucleate cells with intact dolipore septa and exhibit normal bilateral mating behaviour.
It is evident that self-compatibility of B mutants is not dependent on a constitutive operation of the B-controlled morphogenetic sequence in the monokaryon. This is also true in Schizophjdlum and it seems more likely that the constitutive operation of septum dissolution in this fungus is a secondary rather than a primary effect of mutation in B. Incompatibility can in fact be separated from the regulation of septum dissolution by mutations located in the B loci or at a closely linked site which result in constitutive septum dissolution without a change to self-compatibility (Koltin, 1968; Raudaskoski et al., 1976) . Moreover, in the initial stages of growth, B mutants of both Schizophyllum and Coprinus are similar. Parag ( 1962) recognized that in germinating basidiospores of Schizophyllum, B mutants initially had the appearance and bilateral mating behaviour of typical non-mutant monokaryons. Koltin & Flexer (1969) showed that this normal monokaryotic behaviour coincided with a period of about 50 h when the cells were uninucleate and the dolipore septa were still present. Clearly, in both fungi mutant self alleles can interact like two non-allelic wild-type B factors to promote the normal septa1 dissolution which precedes migration of donor nuclei in a bilateral mating. This condition persists in B mutant mycelia of Coprinus, but in Schizophyllum there is a sudden switch to constitutive septum dissolution with concomitant nuclear migration and unilateral mating behaviour. There are reasons for suggesting that this switch is the result of a major change in cellular metabolism in Schizophyllum which is not typical for other basidiomycetes.
The B mutant of Schizophyllum and the common A heterokaryon which it mimics both have an aberrant morphology with no aerial mycelium and distorted hyphal walls; this is not typical of common A mycelia of Coprinus or of two other tetrapolar basidiomycetes which have been studied, Polyporus ciliatus and Agrocybe aegerita (Stahl & Esser, 1976; Esser et al., 1974) . The aberrant morphology in Schizophyllum can be attributed to elevated levels of an enzyme(s) R-glucanase which hydrolyses the alkali-resistant R-glucan component of the cell wall (Wessels, 1965 (Wessels, , 1969 Wessels & Niederpruem, 1967) . R-glucan acts as a storage carbohydrate but is not normally mobilized in the monokaryon. Casselton (1978) has suggested that its mobilization in common A heterokaryons and B mutants may be due to another abnormal property of these mycelia, an impairment in energy conservation (Hoffman & Raper, 1974) , which results in inefficient utilization of carbohydrate from the medium. R-glucanase has been implicated in septum dissolution (Janszen & Wessels, 1970) so that widespread dissolution of septa would be expected in B mutant mycelia with elevated levels of the enzyme, but this could well be an atypical expression of the B control of incompatibility. We have found (R. W. Haylock & L. A. Casselton, unpublished results) that a similar enzyme is implicated in septum dissolution in Coprinus but even when septum dissolution does occur as in the common A heterokaryon, its level is not elevated and we have not observed any of the other abnormalities in cellular metab oli sm characteristic of Schizop h y llum .
From the present work we can draw the following conclusion about the control of incompatibility by the B factor. Clamp cell fusion in the dikaryon and septum dissolution in the monokaryon are regulated separately. The regulation of clamp cell fusion is lost and the strain becomes self-compatible as a result of mutation. This indicates that the same B factor product is concerned with incompatibility and the regulation of genes which control the clamp cell fusion part of the B morphogenetic sequence. However, regulation of the genes which bring about septum dissolution can be maintained when strains become selfcompatible and must be controlled by a different gene which is also part of the B factor complex.
